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Detector Physics Goals 
•  The L2 detector branch of the WBS contains all 

instrumentation required to measure the muon precession 
frequency 
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•  This includes: 
§  Calorimeters to measure positron 

energy and time 
o  This data is fit to extract the 

precession frequency 
§  Tracking and other auxiliary 

detectors to measure characteristics 
of the muon beam 
o  This data is used to make 

corrections to the extracted 
precession frequency and help 
constrain systematics 

§  Readout electronics, data acquisition, 
and slow controls 

This	  plot	  x	  40	  

#	  of	  positrons	  over	  
threshold	  versus	  Dme	  



Detector Scope 
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WBS	  	  4 	  Detectors	  
	  Brendan	  Casey	  
	  Fermilab	  

2/19/2013	  

4.1 	  Project	  Management	  
	  Brendan	  Casey	  
	  Fermilab	  

4.3 	  Trackers	  
	  Brendan	  Casey	  
	  Fermilab	  

4.2 	  Calorimeters	  
	  David	  Hertzog 	  	  
	  Washington	  

4.4 	  Back-‐end	  electronics	  
	  Lawrence	  Gibbons	  
	  Cornell	  

4.7	  	  Slow	  controls	  
	  Peter	  Winter	  
	  Argonne	  

4.6	  	  Auxilliary	  detectors	  
	  Fred	  Grey	  
	  Regis	  

4.5	  	  Data	  acquisiDon	  
	  Tim	  Gorringe	  
	  Kentucky	  

Plan	  to	  fund	  with	  NSF	  MRI	  



Calorimeter Scope 
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WBS	  	  4.2 	  Calorimeters	  
	  David	  Hertzog	  
	  Washington	  

2/19/2013	  

4.2.2	  Crystals	  
	  Washington,	  Shanghi	  

4.2.4	  Mechanical	  systems	  
	  Washington	  

4.2.3	  Front-‐end	  electronics	  
	  	  	  	  Washington	  

4.2.5	  Low-‐voltage	  distribuDon	  
	  Virginia	  

4.2.6	  CalibraDon	  system	  
	  INFN/FrascaD	  



Tracker Scope 
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WBS	  	  4.3 	  Trackers	  
	  Brendan	  Casey	  
	  Fermilab	  

2/19/2013	  

4.3.2	  Tracking	  staDons	  
	  Fermilab,	  Northern	  Illinois	  

4.3.3	  Front-‐end	  electronics	  
	  	  	  	  Boston,	  Fermilab	  

4.3.4	  High-‐voltage	  
	  Fermilab	  

4.3.5	  Gas	  distribuDon	  
	  Fermilab,	  Northern	  Illinois	  



Back-end electronics Scope 
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WBS	  	  4.4 	  Back-‐end	  electronics	  
	  Lawrence	  Gibbons	  
	  Cornell	  

2/19/2013	  

4.4.2	  Waveform	  digiDzers	  
	  Cornell	  

4.4.3	  Micro-‐TCA	  crate	  
	  	  	  	  Boston,	  Cornell	  

4.4.4	  Tracker	  AMC	  board	  
	  Boston,	  Fermilab	  

4.4.5	  Clock	  distribuDon	  
	  Illinois	  



DAQ Scope 
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WBS	  	  4.5 	  Data	  AcquisiDon	  
	  Tim	  Gorringe	  
	  Kentucky	  

2/19/2013	  

4.5.2	  Calorimeter	  front-‐end	  
	  Kentucky	  

4.5.4	  Auxiliary	  detectors	  front-‐end	  
	  Regis	  

4.5.5	  DAQ	  control	  system	  
	  Kentucky	  

4.5.6	  Event	  Builder	  
	  Kentucky	  

4.5.7	  Data	  Quality	  Monitor	  
	  Kentucky	  (UK)	  

4.5.3	  Tracker	  front-‐end	  
	  Illinois	  (UK)	  



Auxiliary Detectors Scope 
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WBS	  	  4.6 	  Auxiliary	  Detectors	  
	  Fred	  Grey	  
	  Regis	  

2/19/2013	  

4.6.2	  Fiber	  Harp	  Monitor	  
	  Regis	  

4.6.4	  Entrance	  counters 	  	  
	  	  

4.6.3	  Fiber	  Harp	  SiPM	  readout	  
	  Regis/Boston	  



Slow Controls Scope 
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WBS	  	  4.7 	  Slow	  controls	  
	  Peter	  Winter	  
	  Argonne	  

2/19/2013	  

4.7.2	  Sensors	  and	  controls	  
	  Argonne	  

4.7.4	  Alarm	  system	  
	  Argonne	  

4.7.3	  System	  communicaDon	  
	  	  	  	  Argonne	  

4.7.5	  Backend 	  	  
	  Argonne	  

4.7.6	  Data	  storage	  
	  Argonne	  



MRI Submitted 
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MRI Consortium: g � 2 Instrumentation project description

The heart of the E989 !a measurement is the calorimeter, a fast and compact electromagnetic
array of lead-fluoride (PbF2) crystals used to detect the positrons having energies up to 3 GeV.
They are read out using the new silicon photomultiplier (SiPM) technology with a sensitive control
of the bias voltage. The analog signals are authentically recorded by a bank of custom waveform
digitizers and the enormous data flow—greater than 8 GB/s—is managed by the data acquisition
(DAQ) system. Data are piped through a distributed GPU farm where online processing will
retain detector hits and will build preliminary histograms. As g � 2 is a frequency experiment, a
precision clock system is required to determine the time standard. Systematic errors are addressed
by careful control of hardware gain and a laser-based distributed calibration system is used to map
gain versus time in the fill. Figure 2 illustrates the systems that define our Consortium work plans
and distributed e↵ort. For organizational reasons, we describe the instrument in this document
under three logical headings: Calorimeter, Electronics, and DAQ.

Calorimeters 

x24 

500 MHz WFD 

Digitizers 
x1296 

x54 

72.00 V 
V-trim V-breakdown 
2.16 V 

x24 

x54 Bias Control 

PbF2 

Total: 8 GB/s 

Frontend GPUs 

x24 

Backend 
Event 

Builder & 
Storage 

Data Acquisition 

 100 MB/s 

monitor 

10 MHz GPS 

Fanout 

Clock & Controls 
x24 

50+ MHz 

Figure 2: Schematic of the !a instrumentation organized by dedicated systems. The participating
institutes have well-defined responsibilities: Calorimeter (Washington, Shanghai), Bias Control
(Virginia, JMU), Digitzer (Cornell), Clock & Controls (Illinois), Data Acquisition (Kentucky)

Calorimeter

The Calorimeter System includes the Crystals, SiPMs, Bias Control, and Mechanical subsystems.
An integrated Calibration system is being developed in parallel to our e↵orts by our Italian collab-
orators. They are working closely with the Washington group on this topic, but their contribution
has no financial impact on this MRI.

Over the past several years, the calorimeter design has gone through an extensive down-select
process from considered absorber and readout technologies. Each of the 24 calorimeter stations will
consist of a 6⇥ 9 array of PbF2 Cherenkov crystals. Each crystal will be read out by a 16-channel
Hamamatsu MPPC (SiPM or silicon photomultiplier). Custom supporting electronics amplify the
summed signal and convey it to the digitizers following a hardware pole-zero correction to shape

6



MRI Contributions 
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•  Tot$3.898 M 
§  $2.757 M requested from 

NSF 
§  $1.141 M in-kind 

contributions  

MRI Consortium: g � 2 Instrumentation project description
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Figure 3: Left (a): Sample 3 ⇥ 3 ⇥ 14 cm3 PbF2 crystals together with a 16-channel Hamamatsu
SiPM mounted to our Mark VII, resistive summing, low-power board. Right (b): 700 MSPS
digitization of a SiPM struck by two laser pulses separated by 5 ns. A pole-zero circuit is applied
to the output of the board; the input pulses correspond to 1200 and 800 pe equivalent light levels,
respectively.

mate to the Frascati calibration interface. The housing has serviceable doors that will allow easy
access to the crystals and readout devices.

The selection of SiPMs over PMTs is pragmatic. They have high photo-detection e�ciency,
magnetic field immunity and they are compact such that they can mount directly on the rear face
of the PbF2 crystals. In contrast, PMTs must be located at least 1.5 m away, which necessitates
a cumbersome lightguide installation and unwanted material. Further, the cost of large-area SiPM
arrays is rapidly falling and their performance characteristics continue to improve. We have spent
the last 2 years developing lab tests to evaluate these devices and our engineers at Washington
have designed and built a series of custom pre-amplifier and summing amplifier boards. The most
recent version features low-power consumption and an intrinsic short pulse when coupled to a pole-
zero correction circuit that eliminates the long RC time-constant tail of the device. Large-area
SiPM devices are packaged as arrays of smaller individual channels. While the market is constantly
evolving, we have a Hamamatsu surface-mount 16-channel MPPC having 57,600 50-µm pixels in
a 1.2 ⇥ 1.2 cm2 active area. It is reasonably well-matched to the surface 2.5 ⇥ 2.5 cm2 crystal
face. Figure 3a shows this array and readout board, together with 3 slightly larger prototype PbF2

crystals that were used in the test beam evaluations. The output of a SiPM from a photo-electron
event is a pulse of current, with a fast rising, sub-ns, edge and a longer tail on the order of tens
of ns, which is converted to a voltage by a load resistor. In our present design, this is followed by
two stages of voltage amplification provided by high speed op amps. We are constantly improving
our circuit and watching the field to learn about new devices and techniques. Our development
will likely cycle through 2 or more iterations prior to final purchase of components in order to
take advantage of the latest o↵erings. We have also begun a dialog with Washington EE and
Medical Physics colleagues who are developing an ASIC design with some overlapping features of
interest. Considering this dynamic environment, we are nevertheless confident that our proposed
instrumentation will work well for g � 2 and any new devices will only make it better.

The bias voltage control system will provide the operating voltage setpoint for the SiPMs. Key
design aims are that each of the 1296 installed boards must be adjustable in mV increments over
a range of ±2.5V around the nominal HV bias of ⇠72 V, just above the Geiger mode breakdown
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20%	  of	  crystals	  from	  Shanghai	  Jiao	  
Tong	  University,	  $248.4	  k	  	  (270/1350)	  

All	  the	  12-‐bit	  500	  MHz	  ADCs	  from	  Texas	  Instruments	  
DonaDon	  to	  Cornell	  negoDated	  by	  Lawrence	  Gibbons,	  

$200k	  

$625	  k	  from	  collaboraDng	  
UniversiDes	  

Fabric

Fabric

Fabric

FPGA

GTX
GTX
GTX
GTX GTX

GTX

GTX
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SDRAM
64M x 16
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CDR progress 

WBS	   1st	  dra+	   reviewed	   collabora4
on	  review	  

final	  

4.2	  Calorimeters	   MRI	  

4.3	  Trackers	   In	  progress	  

4.4	  Backend	  electronics	   MRI	  

4.5	  Data	  acquisiDon	   MRI	  

4.6	  Auxiliary	  detectors	   In	  progress	  

4.7	  Slow	  controls	   In	  progress	  
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BoE progress (Calorimeters) 

WBS	   responsibility	   ac4vi4es	  
defined	  

cos4ng	   risks	  
listed	  

reviewed	   sign	  
off	  

4.2.2	  Crystals	   D	  Hertzog	   2nd	  pass	   In	  
progress	  

4.2.3	  Front-‐end	  electronics	   D	  Hertzog	   2nd	  pass	   In	  
progress	  

4.2.4	  Mechanical	  systems	   D	  Hertzog	   2nd	  pass	   In	  
progress	  

4.2.5	  low	  voltage	  dist.	   D	  Hertzog	   2nd	  pass	   In	  
progress	  

4.2.6	  CalibraDon	  system	   G	  Venanzoni	   1st	  pass	   In	  
progress	  
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BoE progress (Trackers) 

WBS	   responsibility	   ac4vi4es	  
defined	  

cos4ng	   risks	  
listed	  

reviewed	   sign	  
off	  

4.3.2	  Tracking	  staDons	   B	  Casey	   2nd	  pass	   In	  
progress	  

4.3.3	  Front-‐end	  electronics	   B	  Casey	   2nd	  pass	  
	  

In	  
progress	  

4.3.4	  Vacuum	  mods.	   B	  Casey	   2nd	  pass	  
	  

In	  
progress	  

4.3.5	  High	  voltage	   B	  Casey	   2nd	  pass	  
	  

In	  
progress	  

4.3.6	  Gas	   B	  Casey	   2nd	  pass	  
	  

In	  
progress	  
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BoE progress (BE Electronics) 

WBS	   responsibility	   ac4vi4es	  
defined	  

cos4ng	   risks	  
listed	  

reviewed	   sign	  
off	  

4.4.2	  WFDs	   L	  Gibbons	   2nd	  pass	   In	  
progress	  

4.4.3	  micro-‐TCA	  crate	  	   L	  Gibbons	   2nd	  pass	  
	  

In	  
progress	  

4.4.4	  Tracker	  AMC	  card	   B	  Casey	   2nd	  pass	  
	  

In	  
progress	  

4.4.5	  Clock	  distribuDon	   K	  Pifs	   2nd	  pass	  
	  

In	  
progress	  
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BoE progress (DAQ) 

WBS	   responsibility	   ac4vi4es	  
defined	  

cos4ng	   risks	  
listed	  

reviewed	   sign	  
off	  

4.5.2	  Calo	  front-‐end	   T	  Gorringe	   2nd	  pass	   In	  
progress	  

4.5.3	  Tracker	  front-‐end	   T	  Gorringe	   2nd	  pass	  
	  

In	  
progress	  

4.5.4	  Aux	  det	  front-‐end	   T	  Gorringe	   2nd	  pass	  
	  

In	  
progress	  

4.5.5	  DAQ	  control	  system	   T	  Gorringe	   2nd	  pass	  
	  

In	  
progress	  

4.5.6	  Event	  builder	   T	  Gorringe	   2nd	  pass	   In	  
progress	  

4.5.7	  Data	  quality	  monitor	   T	  Gorringe	   2nd	  pass	   In	  
progress	  
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BoE progress (Aux detc) 

WBS	   responsibility	   ac4vi4es	  
defined	  

cos4ng	   risks	  
listed	  

reviewed	   sign	  
off	  

4.6.2	  Fiber	  harp	  monitor	   F	  Grey	   2nd	  pass	   In	  
progress	  

4.6.3	  T0	  counter	   F	  Grey	   1st	  pass	  
	  

In	  
progress	  
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BoE progress (Slow controls) 

WBS	   responsibility	   ac4vi4es	  
defined	  

cos4ng	   risks	  
listed	  

reviewed	   sign	  
off	  

4.7.2	  Sensors	   P	  Winter	   1st	  	  pass	   In	  
progress	  

4.7.3	  Receivers	   P	  Winter	   1st	  	  pass	  
	  

In	  
progress	  

4.7.4	  Data	  logger	   P	  Winter	   1st	  	  pass	  
	  

In	  
progress	  

4.7.5	  Database	   P	  Winter	   1st	  	  pass	  
	  

In	  
progress	  

4.7.6	  Alarm	  system	   P	  Winter	   1st	  	  pass	  
	  

In	  
progress	  

4.7.7	  Beam/cryo	  interface	   P	  Winter	   1st	  	  pass	  
	  

In	  
progress	  
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